arXiv:1207.3176v1 [nucl-th] 13 Jul 2012

Hydrodynamics for relativistic heavy ion collisions∗

P. Bożek^{1,2}, W. Broniowski^{1,3}, I. Wyskiel-Piekarska^1

1Institute of Nuclear Physics PAN, PL-31342 Kraków, Poland 2Institute of Physics, Rzeszów University, PL-35959 Rzeszów, Poland 3Institute of Physics, Jan Kochanowski University, PL-25406 Kielce, Poland

Simulations of the viscous hydrodynamic model for relativistic heavyion collisions at RHIC and LHC energies are presented. Results for spectra, femtoscopy radii, and transverse momentum fluctuations are favorably compared to the experimental data. Effects of the local charge conservation on correlation observables are also studied.

PACS numbers: 25.75.-q, 25.75.Ld, 24.10.Nz

1. Introduction

The expansion of the fireball in heavy-ion collisions generates collective, azimuthally asymmetric transverse flow which can be described quantitatively in hydrodynamic calculations [1, 2, 3, 4, 5, 6, 7]. Due to large velocity gradients in the system, an important role in the hydrodynamic model is played by shear and bulk viscosities [8, 9, 10]. The asymmetry of the final flow is largely determined by fluctuations of the initial geometry of the fireball [11, 12]. We apply a 3 + 1-dimensional viscous hydrodynamic model [13] to Pb-Pb collisions at 2.76 TeV using averaged initial conditions, and to Au-Au collisions at 200 GeV using fluctuating initial conditions. Also, to estimate the collective flow in p-Pb and d-Pb interactions at the LHC, event-by-event simulations are used [14]. The angular dependence in the two-dimensional dihadron correlation functions for particles with soft momenta are determined by the collective flow [15]. The short-range charge dependent structures in the same side ridge can be explained largely as an effect of the local charge conservation at hadronization [16].

Initial conditions must be provided for the hydrodynamic evolution. No first-principle calculation of the formation and thermalization of the dense matter in the early stage exists yet. In our simulations we use the optical

∗ Presented by PB at Excited QCD 2012, Peniche, Portugal, 6–12 May 2012. (1)

Glauber model for the averaged initial conditions, and its Monte Carlo implementation [17] for the fluctuating initial conditions. The parameters of the model are adjusted to the RHIC data [5], with the default values of the shear and bulk viscosity coefficients η/s = 0.08 and ζ/s = 0.04 (bulk viscosity is present only in the hadronic phase). The emission of particles and resonance decays at freeze-out are performed via the event generator THERMINATOR [18].

2. Averaged initial conditions

The use of the averaged conditions in 3 + 1-dimensional viscous hydrodynamics leads to a satisfactory description of pseudorapidity distributions, transverse momentum spectra, elliptic flow, and the femtoscopic radii in Au-Au interaction at the top RHIC energies [13]. Hydrodynamic expansion with a hard equation of state with cross-over generates a strong transverse flow. It is interesting to note that the shear viscosity leads to a reduction of the odd component of the directed flow.

Fig. 1. (left) Preliminary data on π^+, K^+, p transverse momentum spectra [19] and (right) the femtoscopic radii measured by the ALICE Collaboration [20], compared to viscous hydrodynamic results (from [21]).

In Pb-Pb collisions at √ s = 2.76 TeV the transverse collective flow is even stronger. One observes a significant shift of the spectra of protons towards higher p_T , consistent with the preliminary ALICE data (Fig. 1). On the other hand, the calculated spectra of pions and kaons are too flat. A slightly better description is obtained with a larger value of the bulk viscosity, ζ/s = 0.08. We find that an initial energy density compatible with the observed charged particle pseudorapidity distribution leads to approximate plateau in the rapidity distributions of identified particles. The model reproduces very well the femtoscopic radii, which indicates that the basic features of the space-time evolution of the system are realistic.

3. Fluctuating initial conditions

Event by event fluctuations in the initial conditions induce additional deformations of the transverse profile of the fireball. The flow coefficients of the elliptic (v_2) and triangular (v_3) flow are determined by the initial eccentricity and triangularity of the fireball [11, 12, 6]. Relatively, the most violent fluctuations occur in peripheral collisions or in small systems. For p-Pb and d-Pb collisions at the LHC energies the fireball is large enough to allow for a noticeable stage of collective expansion. The initial deformation of the density profile is large, especially in d-Pb interactions (Fig. 2). The generated elliptic and triangular flows are comparable to values observed in peripheral Pb-Pb collisions and could be measured in future experiments [14]. If such a scenario is realized, the spectra measured in p-Pb and d-Pb collisions should be strongly modified by final state (hydrodynamic) interactions, which means that such observations could not be used as reference data when looking for medium modifications expected in Pb-Pb collisions.

In Au-Au collisions at 200 GeV our calculations give elliptic and triangular flows similar as in other calculations [6, 25, 26, 27], showing a reduction of the flow asymmetry with an increasing shear viscosity. An additional effect of the hydrodynamic response to fluctuations is seen in the fluctuations of the average momentum in an event [23, 24]. Both the shape and the size of the initial fireball fluctuates event by event. While the role of the shape fluctuations in generating azimuthally asymmetric flow is widely discussed, the size fluctuations of the fireball are less studied. Our simulations show that an anti-correlation is seen between the r.m.s radius of the fireball and the average transverse momentum of the emitted particles. The experimental measure of the transverse momentum fluctuations eliminates statistical fluctuation due the finite multiplicity in the events. The remaining scaled transverse momentum fluctuations are proportional to the scaled fluctuations of the fireball size Δp_T /⟨p_T ⟩ ≃ 0.3Δr/⟨r⟩. The size fluctuations at each centrality are predicted in the Glauber model. The calculated p_T

Fig. 2. (left) Initial entropy density in the transverse plane in a d-Pb collision. (right) Elliptic flow coefficient predicted in p-Pb collisions at 4.4 TeV and d-Pb collisions at 3.11 TeV (from [14]).

Fig. 3. The experimental data for ⟨Δp_{T i}Δp_{T j} ⟩^{1/2}/⟨⟨p_T ⟩⟩ from the PHENIX Collaboration [22] (squares) compared to simulations with event-by-event viscous hydrodynamics (dots) and to the approximate result from Ref. [23] for perfect hydrodynamics with smooth conditions (crosses) (from [24]).

fluctuations are similar as in the data, although some overestimate of the fluctuations can be seen (Fig. 3). We have verified that the hydrodynamic response is not noticeably modified by a change in the freeze-out temperature, the bulk and shear viscosities, or the core-corona effects. The scaled transverse momentum fluctuations grow with increasing upper momentum cut-off used in the analysis. The same behavior in seen in our calculation, where it originates from the hydrodynamic response to the size fluctuations.

4. Non-flow charge correlations

The assumption that charge formation happens late in the evolution (at hadronization) explains the observed charge balance functions in relative pseudorapidity [28, 29, 30, 31]. A similar effect is expected and observed in the relative azimuthal angle of the emitted particles [32, 31]. By generalizing these arguments to the two-dimensional dihadron correlation function in Δϕ − Δη, we expect the appearance of a two-dimensional same-side peak for the unlike-sign pairs.

Fig. 4. Dihadron correlation functions for unlike- and like-sign pairs without (upper row) or with (lower row) charge balancing mechanism implemented at the end of the hydrodynamic evolution (from [16]).

After adding such a charge balancing effect to the particle emission at freeze-out [16], qualitatively the same correlations are formed as observed experimentally [33] (Fig. 4). This non-flow effect is added to the dominant structure from the collective flow in the correlation functions. For the like-sign pairs the same-side ridge is nearly flat, showing essentially no additional structure. The charge-balancing also leads to non-flow correlations, increasing the observed flow coefficients v_2 and v_3.

Supported by Polish Ministry of Science and Higher Education, grant N N202 263438 and N N202 086140, and National Science Centre, grant DEC-2011/01/D/ST2/00772.

REFERENCES

[1] P.F. Kolb and U.W. Heinz, Quark Gluon Plasma 3, edited by R. Hwa and X.N. Wang, p. 634, World Scientific, Singapore, 2004.

[2] W. Florkowski, Phenomenology of Ultra-Relativistic Heavy-Ion Collisions (World Scientific Publishing Company, Singapore, 2010).

[3] M. Luzum and P. Romatschke, Phys. Rev. C78 (2008) 034915. [4] H. Song, S.A. Bass and U. Heinz, Phys. Rev. C83 (2011) 024912. [5] P. Bożek, Phys. Rev. C81 (2010) 034909.

[6] B. Schenke, S. Jeon and C. Gale, Phys. Rev. Lett. 106 (2011) 042301. [7] W. Broniowski et al., Phys. Rev. Lett. 101 (2008) 022301. [8] W. Israel and J. Stewart, Annals Phys. 118 (1979) 341. [9] P. Romatschke, Int. J. Mod. Phys. E19 (2010) 1. [10] D.A. Teaney, (2009), arXiv: 0905.2433 [nucl-th]. [11] B. Alver et al., Phys. Rev. C77 (2008) 014906. [12] B. Alver and G. Roland, Phys. Rev. C81 (2010) 054905. [13] P. Bożek, Phys. Rev. C85 (2012) 034901. [14] P. Bożek, Phys. Rev. C85 (2012) 014911. [15] J. Takahashi et al., Phys. Rev. Lett. 103 (2009) 242301. [16] P. Bozek and W. Broniowski, (2012), arXiv: 1204.3580 [nucl-th]. [17] W. Broniowski, M. Rybczyński and P. Bożek, Comput. Phys. Commun. 180 (2009) 69.

[18] A. Kisiel et al., Comput. Phys. Commun. 174 (2006) 669. [19] M. Floris, J. Phys. G38 (2011) 124025.

[20] ALICE, K. Aamodt et al., Phys. Lett. B696 (2011) 328. [21] P. Bożek and I. Wyskiel-Piekarska, Phys. Rev. C85 (2012) 064915. [22] PHENIX Collaboration, S. Adler et al., Phys. Rev. Lett. 93 (2004) 092301. [23] W. Broniowski, M. Chojnacki and L. Obara, Phys. Rev. C80 (2009) 051902. [24] P. Bozek and W. Broniowski, Phys. Rev. C85 (2012) 044910. [25] B.H. Alver et al., Phys. Rev. C82 (2010) 034913. [26] H. Petersen et al., Phys. Rev. C82 (2010) 041901. [27] Z. Qiu and U.W. Heinz, AIP Conf. Proc. 1441 (2012) 774. [28] S.A. Bass, P. Danielewicz and S. Pratt, Phys. Rev. Lett. 85 (2000) 2689. [29] S. Jeon and S. Pratt, Phys. Rev. C65 (2002) 044902.

[30] P. Bożek, W. Broniowski and W. Florkowski, Acta Phys. Hung. A22 (2005) 149.

[31] STAR, M.M. Aggarwal et al., Phys. Rev. C82 (2010) 024905. [32] P. Bozek, Phys. Lett. B609 (2005) 247.

[33] STAR, G. Agakishiev et al., (2011), arXiv: 1109.4380 [nucl-ex].